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Abstract  
The bending properties of AA2024-T3 aluminium alloy after localized laser assisted softening have been studied and 
compared to untreated material. Single and multi-path laser scanning strategies are applied for achieving a predictable 
and minimized springback. Process parameters for softening have been chosen based on FE modeling. In order to 
investigate the softening, and to characterize the size of this softened region, hardness measurements were carried 
out. Using a triple scanning path strategy springback was reduced by about 43% without changing the bending radius. 
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1. Motivation / State of the Art 
Precipitate strengthened aluminium AA2024 is extensively used in aircraft structural components 
because of its high strength to weight ratio and good fatigue and corrosion resistance properties [1,2]. 
The high strength character of the 2xxx series alloys arises from hindrance of dislocation movement 
during the forming process by small, uniformly dispersed second-phase particles. These precipitates are 
formed by natural or artificial ageing of the alloy in solution heat treated (W-temper) condition. 
Generation of coherency strain fields enclosing precipitates causes strain hardening which results in 
strength enhancement [3].  
Post-forming strength specifications for aircraft structural components require the use of this alloy in a 
solution treated and aged condition (T-temper) [4]. However, one of the major limitations of using the 
AA2024-T3 alloy is its low ductility at room temperature and the occurrence of high springback, 
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impeding production of complicated parts by cold forming methods [1,2]. Furthermore, prediction and 
compensation of springback for components formed in solution treated and aged conditions (T-temper) 
are repetitive and difficult tasks [5]. This is especially true for free-formed surfaces.  
Low ductility and high springback are challenging issues which have been the focus of many studies in 
recent years with a wide variety of solutions as a result. 
Firstly these problems can be overcome by means of hot forming. This may, however, cause unwanted 
microstructural alterations, which are known to deteriorate post-forming properties of the formed part [1]. 
An alternative way is to form the material in annealed condition (O-temper), in which the material is in 
its most workable form and shows the least amount of springback [5]. However, for restoring strength, 
subsequent solution treatment, quenching and aging of the part is required which causes unwanted 
distortion and geometrical inaccuracies in the quenching phase of the process [4]. 
A novel technique, consisting of hot forming in a solution heat treated condition, and cold die 
quenching (HFQ), provides promising results for overcoming the low ductility and high springback 
problems[6]. However, a HFQ set-up is complex and this method cannot be applied for die-less forming 
processes such as single point incremental forming (SPIF).   
Localized altering of the material properties in the forming zone could provide the best of both worlds:  
the formability of the material enhances locally due to reduction in yield strength in the heat affected 
zone, while the rest of the sheet stays unaffected. Various research institutes have focussed on local laser 
treatment and have proven that localized tailoring of sheet metal properties using laser heat treatment is 
feasible and enhances formability of the material. Merklein et al. studied the production of tailored, laser 
heat treated 5xxx- and 6xxx-aluminium blanks for automotive industry [7,8]. Also Järvenpää et al. show 
that bendability of ultra-high strength steels increases by formation of through thickness laser heat 
treatment layers [9,10]. In incremental sheet metal forming, the effect of laser assisted, in-process 
hardening of hardenable steel blanks was studied by Mohammadi [11]. In this study it was proven that 
through thickness hardened lines can be generated based on laser transformation hardening.   
 The present study aims to investigate the effect of selective locally softened zones in AA2024-T3 
samples, generated by single and multi-path laser scanning paths, on reducing springback. Using FE 
modeling, optimum processing parameters for achieving a sufficient softening zone were selected. 
Bending tests were performed on various samples subjected to different softening strategies, after which 
springback and bending radii were compared for each case. 
2. Experimental procedure 
The material chosen as subject for this study is AA2024-T3 (Al-4.4%Cu-1.5%Mg-0.6%Mn-0.5%Si-
<0.5%Fe), because of its low ductility at room temperature and high springback. This precipitation 
hardened aluminium alloy is extensively used in the aeronautical industry for engine parts, fuselage and 
wing skins [2]. The used sheet material is solution heat treated in the range of 488-  cold rolled to 
0.4 mm and naturally aged. 
 
To compare the effect of locally softened zones on the springback, different rectangular sheets with a 
length of 225mm and a width of 70mm were locally heat treated along a line in the centre of the sheet 
(Fig. 1) and bent to an angle of 81° using a servo controlled hydraulic LVD-PPEB50/20 press brake.  
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Fig. 1.  A schematic drawing of the sample preparation by laser treatment 
Localized softening of the material was performed by means of an Nd-YAG (1.06 μm) laser with a 
maximum power of 500W and a M2 value of 88.8.The intensity distribution of the laser beam  in the laser 
spot is even (top hat distribution) and the laser energy is delivered using a flexible fiber-optic delivery 
system. The sheets were clamped tightly at the two opposing edges in the width direction (Fig. 1) and 
coated with Grapghite 33 for good absorption of the Laser energy. After which, a single or multi-path 
laser scanning strategy was used to heat treat the material along a line in the centre of the sheet. For 
preventing localized melting of the material close to the edges due to localized heat accumulation, the 
graphite coating was removed over a width of 5mm near the edges and laser heat input reduced 
accordingly (Fig. 1). 
In order to ensure good control of the temperature distribution during heat treatment, the surface 
temperature was recorded by means of an IR camera (Thermovision A20) with spectral range of 7.5 to 13 
-radiated side of the test sample, at a distance of 40 mm 
from the sheet surface. 
 
In-process angle measurement during bending was performed by means of an LVD Easy-form laser 
assisted angle monitoring system in which the angle of the two bending flanges is measured in real time 
at multiple points. 
Due to thermal stresses, the samples show a moderate bending after the localized heat treatment. The 
samples were positioned in the press brake in a way that the laser bending angle has the same direction as 
the final angle after bending in the press brake. 
  
The laser bending angle of the sheet prior to bending in the press brake and the angle and bending 
radius of the parts after bending in the press brake are measured by means of a CMM equipped with a 
laser-line scanner with an accuracy of 20 μm. 
In order to investigate the degree of softening and to characterize the size of this softened region, 
hardness measurements were carried out using a Leitz/Durimet 2 Micro-Vickers hardness tester with 
indentation load of 1 N.  
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3. Results and Discussion 
3.1. Thermal modeling 
FE modeling can be used for identifying softening process parameters. The goal is achieving 
maximum temperature in the laser scanning zone while avoiding any localized melting during scanning. 
For this purpose, different scanning speeds and power settings were simulated with a fixed laser spot size 
of 7 mm. Results of the analysis as conducted using an ABAQUS/Standard (version 6.9-2), are shown in 
Table 1. In order to reduce computational time a fine mesh was applied only in the direct vicinity of the 
laser scanning zone. Taking advantage of the setup symmetry, only half of the blank was modeled. The 
blank was meshed with 22080 elements (Eight noded, three-dimensional, linear heat transfer brick 
element, type DC3D8) and 4 elements were used across the blank thickness. Modeling of laser heating 
was performed using a movable surface heat flux with uniform heat intensity distribution. The physical 
properties of the material were specified as follows (ASM): thermal conductivity=121 Wm-1K-1, 
density=2780 kgm-3 and specific heat=875 Jkg-1K-1. Both sides of the sheet are subjected to convection 
which is calculated at different temperatures based on the external free convection air flow for vertical 
plates. Preliminary calculations showed that heat losses due to radiation are negligible. Radiation losses  
were thus not implemented in the model. 
 
 
Fig. 2.  Measured temperature by IR camera (a and b) and FE modeling  (c and d) on the non-radiated surface, for a scanning speed 
of 1000mm/min and a power of: a) and c) 131W, b) and d) 112W. Temperature gradient over the sheet thickness (0.4 mm) 
for  power settings of e) 131W and f) 112W 
Note : All data are taken after scanning over an interval of 50mm along the laser path 
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Fig. 3.  FE modeling temperature profile along Path 1 and Path 2  
Results of the FE simulations are summarized in Figs. 2 and 3. Path1 and 2 were taken through the 
point of maximum temperature on the non-radiated side of the test sample. The measured values for the 
isotherms of 598 K and 535 K for 112W at 1000mm/min are respectively 5 and 8mm wide (Fig. 2a) and 
for 131W at 1000mm/min they are 7 and 9mm wide (Fig. 2b). Modeling results are in good agreement 
with these data (Fig. 3). 
Table 1. Comparison between experimental measurements and simulation results for 4 different processing parameter sets. All 
measurements were performed after scanning over an interval of 50mm along the laser path 
Power 
[W] 
Scanning velocity 
[mm/min] 
Measured peak 
temperature 
opposite to laser 
side 
[K] 
Calculated peak 
temperature 
opposite to laser 
side 
[K] 
223 2000 Melting 909 
131 500 Melting 869 
112 500 Melting 789 
131 1000 708 709 
112 1000 679 647 
 
3.2. Microhardness results 
Microhardness tests were performed on samples obtained with the selected process parameters of 
112W and 131W at 1000mm/min. The maximum achieved temperature was found to be critical for the 
obtained degree of softening obtained: no significant hardness reduction was observed for 112W at 
1000mm/min, while the hardness reduces from 132 HV0.1 (initial blank) to 85 HV0.1 in the centre of the 
laser scanning zone for 131W at 1000mm/min. Accordingly, it was observed that the hardness reduction 
is more significant in a zone of 1mm wide around the centre of the scanning line. In consequence 131W 
262   Amirahmad Mohammadi et al. /  Physics Procedia  39 ( 2012 )  257 – 264 
 
at 1000mm/min was selected as process parameter setting for softening of 1mm, 3mm and 5mm zones 
which are assumed to have higher straining during bending. These are the parameters used for the 
remainder of this study.  
It is believed that the main reason for softening of the material upon laser scanning is localized partial 
annealing, so the effect of strain hardening will be removed in the heat affected zone (HAZ) and partial 
coalescence of strengthening particles occurs. However, microhardness tests in the centre of the laser 
scanning zone after 2 and 4 days showed an average increase of 14HV0.1 and 22HV0.1 respectively, 
revealing that partial solution heat treatment and subsequent self-quenching occur during scanning. 
Some Al2Cu precipitate particles are dissolved in solid solution during laser scanning and naturally aged 
at room temperature. This effect is beneficial for the final post-forming properties of the heat treated parts 
since the reduced strength of the material will be partially recovered after aging. 
3.3. Effect of laser treatment on pre-bending and the reduction of the springback  
The experimental results show that the clamping conditions of the parts during laser treatment, as well 
as the angle between the laser scanning and the rolling directions affect the reduction of the springback.  
The chosen parameter settings result in a moderate laser bending effect under influence of thermal 
stress induced buckling [12]. 
For clamped parts, results show that, when the scanning direction is perpendicular to the rolling 
direction, a convex shape is obtained and when rolling and scanning direction are parallel, the laser bent 
part has a concave shape (= sheet bends towards the laser). The springback reduction is higher and in a 
smaller range when the sheet metal bends in a convex shape during laser treatment. 
It has been observed that if the sample is not clamped during scanning the laser bending direction is 
random:  60 % are convex and 40% are concave shaped. No correlation was found to the rolling direction 
or the slightly concave curvature of the initial blank.  
The springback reduction of samples with a concave laser bending angle prior to bending in the press 
brake, show a range of values. Unclamped parts which are treated by a triple scanning path (3mm) show a 
reduction in springback of 31% (standard deviation=1.51, number of tests =5), for clamped parts this 
reduction is 36% (standard deviation=1.65, number of tests =4). Convex parts show a springback 
reduction of 43% and in a smaller range (standard deviation=0.36, number of tests =8). This might be due 
to the small decrease in distance between the nozzle tip and the sheet metal surface (Stand Of Distance). 
This reduction is caused by the convex deformation of the blank after the first scanning paths leading to a 
reduced laser spot size and thus higher energy input.  
Table 2. Selection of pre-bending and springback results for single and triple scanning path 
Sample Rolling direction vs 
scanning direction 
Pre-bending angle 
[°] 
Curvature 
direction 
Springback 
[°] 
Single scanning path, not clamped Perpendicular 170.27 Convex 14.82 
Triple scanning path, not clamped Perpendicular 167.19 Convex 11.05 
Single scanning path, clamped Perpendicular 169.71 Convex 13.90 
Triple scanning path, clamped Perpendicular 171.01 Convex 11.58 
No softening treatment (T3) Perpendicular - Convex 19.50 
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Fig. 4.  Section view of clamped samples after laser softening for different widths of the irradiated zones 
However, the angle is reduced upon multipath scanning in a clamped part. This might be due to the 
fact that in subsequent scanning paths, plastic deformation is mostly restricted to the softened region 
resulting from previous scans. In other words, stresses caused by thermal expansion deform the softened 
material which has a lower yield limit. This plastic deformation of the softened zone can be seen much 
more prominently on the sample with 5–scanning paths (Fig. 4 c)), in which a clear step forms after 
scanning. It has been observed that when the sample is not clamped during processing, the laser bending 
angle increases with the number of scans from a single to a triple-scanning path (Table.2). This is because 
deformation caused from each scan accumulates in multi-path scanning processes which is in fact the 
basic principle of laser forming of metals. 
 
 
Fig. 5.  Section views of bent parts for different clamping and scanning strategies 
More interestingly, from Fig. 5 it can be concluded that pre-bending angle (see Table 2) is not an 
influencing factor for springback reduction, but the size of the softening zone is. It has been confirmed 
that increasing the size of the softening zone from 1mm to 3mm results in a higher reduction of 
springback. No significant change in bending radius was observed after 1 and 3mm scanning of clamped 
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and unclamped parts. In summary, in order to have predictable convex laser bending curvature with more 
accurate predictable reduction in springback, the samples should be clamped and scanned perpendicular 
to the rolling direction. 
4. Conclusion 
A laser source can be used as flexible, non-contact and adjustable heating system for localized 
softening treatment of AA2024-T3 sheets. The effect of localized softening on reducing the springback in 
the V-bending process has been studied. The obtained experimental results confirm that, if the material 
is softened in the regions where maximum straining takes place, spingback during the unloading can be 
reduced by 43%. Optimum process parameters for softening could be selected based on FE modeling and 
validated by temperature field measurements obtained from IR camera observations. Microhardness tests 
in the centre of the laser scanning zone confirm that mainly partial annealing is responsible for localized 
strength reduction in the HAZ. Similar tests after 4 days showed that some solution treatment also took 
place during laser scanning. By subsequent self-quenching (without the need of external quenching) a 
super saturated solid solution (SSS) forms which can enhance post-forming mechanical properties of the 
bent parts after natural aging. 
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